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Abstract
Coastal shallow-water ecosystems are essential for providing several goods and services globally, with seagrasses as an
important contributor for maintaining high biodiversity and productivity within the nearshore seascape. The temperate
species Zostera marina serves as a vital habitat for many species, including ecologically and economically important
juvenile fish. Ecological patterns and processes within the shallow-water seascape are driven by a multitude of factors, for
instance food-web dynamics, species interactions, habitat configuration, oceanographic hydrodynamics, and influenced
by human impacts, all occurring at different spatial and temporal scales. A complex interworking of abiotic and biotic
processes takes place within the coastal environment with the system expected to be impacted by future climate changes.
This scientific work contributes to the ecological understanding of coastal marine ecosystems by examining connectivity
and disturbance effects on multiple spatiotemporal scales.

The thesis consists of two main themes: 1) evaluation of the influence of seascape structure on seagrass fish communities
at different scales, and 2) understanding species’ physiological responses to multiple global change stressors in Z. marina
meadows, and the regional implications of these results. The work focused on temperate Swedish coastal waters. To
address these themes a variety of methods were performed including a seascape ecology field approach, experimental
laboratory work and spatial modeling. The results contribute to the understanding of seascape connectivity and the impact
of disturbance from climate-related stressors on the shallow-water ecosystem and associated fish communities.

The results highlight the importance of evaluating fish assemblages at multiple spatial scales, from within-meadow
characteristics to region-wide geographical features. Generally, fish with higher site fidelity were found to be influenced
by smaller scale (meters) habitat characteristics, while broader ranging, more migratory species showed impacts on a larger
scale (kilometers). It was also shown that the shallow-water environment has a fish assemblage overlap, with the same
species found within multiple coastal habitats, dominated by juvenile fish (in summer), thus constituting a shallow-water
seascape nursery. Regarding the consequences of global change the thesis showed that, while individual global change
stressors can have either positive, negative or neutral affects depending on the species in question, all trophic levels of
the mesocosm study showed a deleterious stress response to multiple stressors combined. With the significance of these
laboratory results in mind, the final risk assessment identified three high-risk regions for seagrass meadows along parts of
the Swedish coast that are expected to be exposed to a high degree of change from multiple coinciding global stressors
by the end of the century.
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Svensk sammanfattning 

Grunda kustnära havsmiljöer är väldigt viktiga områden som 
tillhandahåller en hög produktion av varor och ekosystemtjänster över hela 
världen, där sjögräsängar bidrar till att bibehålla en hög biologisk mångfald 
och produktivitet i det kustnära havslandskapet. Den tempererade 
sjögräsarten av Zostera marina (ålgräs) bygger upp viktiga livsmiljöer för 
många arter, inklusive ekologiskt och ekonomiskt viktig ungfisk. Ekologiska 
mönster och processer i det grunda havslandskapet bestäms av en rad olika 
faktorer såsom födovävsdynamik, interaktioner mellan arter, habitatstruktur, 
oceanografiska förhållanden, hydrodynamik och påverkan från mänskliga 
störningar, vilka alla förekommer på olika rums- och tidsskalor. Detta 
vetenskapliga arbete bidrar till ekologisk kunskap om kustnära marina 
ekosystem genom att undersöka konnektivitet och effekter av störningar på 
multipla skalor i tid och rum. 

 
Avhandlingen består av två huvudteman: 1) utvärdering av hur strukturen 

hos det kustnära havslandskapet påverkar fisksamhällen i sjögräsängar på 
olika skalor, och 2) öka kunskapen om hur olika arters fysiologi i 
ålgräsängar påverkas av olika störningar som har betydelse på en global 
skala samt hur resultaten i sin tur kan få konsekvenser på en regional skala. 
Arbetet har fokuserat på tempererade svenska kustvatten. Under studierna 
användes en rad olika metoder, inklusive fältbaserad landskapsekologisk 
metodik, laboratorieexperiment och rumlig modellering. Resultaten bidrar 
till förståelsen av konnektivitet i havslandskap och hur klimatrelaterade 
störningar påverkar ekosystem i den grunda havsmiljön samt associerade 
fisksamhällen. 

 
Avhandlingen belyser vikten av att utvärdera fisksamhällen på olika 

skalor i rum (och tid), dvs alltifrån hur fisksamhällen påverkas av 
sjögräsängars lokala egenskaper (såsom växtstruktur) till hur de påverkas av 
storskaliga regionala faktorer (såsom havslandskapets sammansättning). 
Generellt sett visade resultaten att stationära fiskar påverkas av hur 
livsmiljöns struktur varierar på en mindre skala (meter), medan 
migrationsbenägna arter påverkades av miljön på en större skala (kilometer). 
Resultaten visades också att fisksamhällen överlappar i sammansättning 
mellan olika habitat i den grunda havsmiljön. Många arter visade sig 



 2 

regelbundet utnyttja flera olika grunda habitat och förekomsten av ungfisk 
(under sommaren) i dessa olika habitat var väldigt hög. Detta indikerar att 
flera grunda habitat tillsammans utgör kustnära havslandskaps-barnkammare 
för fisk. När det gäller globala förändringar och dess konsekvenser visade 
avhandlingen att medan enskilda störningar kan ha antingen positiva, 
negativa eller neutrala effekter beroende på art så visade resultaten från 
laboratorieexperimentet även att arter på samtliga trofiska nivåer påverkades 
negativt när flera stressfaktorer kombinerades. Med hänsyn till de viktiga 
resultaten från laboratoriestudien så kunde den slutliga riskbedömningen 
identifiera tre högriskområden för sjögräsängar i delar längs den svenska 
kusten som på grund av multipla globala störningar förväntas kraftigt 
förändras mot slutet av detta sekel. 
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Introduction 

Ecological importance of seagrass meadows  
 Seagrasses are marine angiosperms globally distributed around all 

continents but Antarctica (Green and Short 2003; Larkum et al. 2006). They 

form highly productive ecosystems (McGlathery et al. 2012), constituting 

one of the most important shallow-water biotopes, contributing directly and 

indirectly to over 30 % of goods and services worldwide, and are important 

contributors to healthy coastal zone ecosystems (Costanza et al. 1997; 

Larkum et al. 2006). Seagrasses are said to be “ecosystem engineers” given 

that they alter both biotic and abiotic conditions, changing the surrounding 

environment through their physical structure (Bos et al. 2007; van der Heide 

et al. 2012) as well as with the byproducts produced through their 

photosynthesis, respiration and tissue breakdown (Deyanova et al. 2017). 

They also bind and stabilize the sediment, which improves the water quality 

and reduces coastal erosion (Green and Short 2003; Larkum et al. 2006). 

Moreover, they aid in nutrient cycling and alter coastal hydrodynamics 

(Hemminga & Duarte, 2000; Orth et al. 2006; Christianen et al. 2013; 

McGlathery et al. 2012). Through their highly effective photosynthesis, 

seagrasses can take up vast amounts of carbon from the water column and 

then store even larger fractions within the sediment, making seagrass 

meadows a critical sink for carbon sequestration globally (Greiner et al. 

2013; Dahl et al. 2016; Gullström et al. 2018). Additionally, seagrasses are a 

food source for marine megaherbivores such as manatees, dugongs and 

turtles (Moran and Bjorndal 2005; Kelkar et al. 2013a; Kelkar et al. 2013b), 

and many species of macro- and mesograzers (e.g. Valentine and Heck 1999; 
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Duffy et al. 2001; Eklöf et al. 2008; Gullström et al. 2011; van der Heide et 

al. 2012). They also contribute to both commercial and subsistence fisheries 

by providing vital habitat for larval stage and juvenile fish and crustaceans, 

which utilize other habitats at other life stages (Baden et al. 2012; 

Sobocinski et al. 2013; Wallner-Hahn et al. 2015; Nordlund et al. 2017). 

Thus, seagrasses support connectivity between coastal habitats (Gillanders et 

al. 2003; Gullström et al. 2008; Berkström et al. 2013). 

 As a shallow coastal habitat, seagrass meadows are relatively 

resilient to changes in environmental variables such as temperature and 

salinity, however it is unclear how the plants will manage to adapt to the 

unparalleled rates of change the oceans are currently experiencing. In 

addition to the projected temperature and salinity changes, as well as ocean 

acidification and the introduction and survivability of non-native species as a 

result of range shifts due to climate change, seagrass habitats stand to be 

affected by increased extreme weather events such as cyclones, floods and 

hurricanes, altering the meadows physical structure (Larkum et al. 2006). As 

is shown for many different marine ecosystems as a result of range shifts 

(discussed in Harley et al. 2006), the plants may also suffer from changes in 

surrounding species composition as mobile species such as herbivores shift 

ranges due to temperature alterations. 

 Worldwide, seagrass meadows are now being lost at rates similar to 

the loss of tropical rainforests (Orth et al. 2006; Waycott et al. 2009). In 

Sweden, Zostera marina beds are one of the most threatened habitats on the 

Swedish west coast. Baden et al. (2003) found a 58% decrease in seagrass 

cover along the Skagerrak coast since the 1980’s. The rapid decline seen in 

the Swedish waters in seagrass coverage is likely due to increased 

phytoplankton, water turbidity and overgrowth of epiphytic and filamentous 

algae (McGlathery 1995). Nutrient enrichment has been shown to spur the 

growth of ephemeral algae on vegetated and unvegetated soft bottoms within 

Scandinavia (Baden et al. 2003), the growth of which can shade and even 
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smother seagrasses. Such seagrass losses caused by water quality and 

shading effects are likely exacerbated by top-down induced cascading effects 

due to the overexploitation of predatory fish (Moksnes et al. 2008). Given 

that seagrass meadows are an important habitat for maintaining high species 

diversity globally (Nagelkerken and van der Velde 2004; Jephson et al. 

2008; Gullström et al. 2012a; Peters et al. 2014; Gilby et al. 2018), they are 

an invaluable natural resource. They are extremely important habitats that 

support a wide variety of species both as foraging grounds and predation 

refuges, and are nursery grounds for many species of fish (Orth et al. 1984; 

Attrill et al. 2000; Nagelkerken et al. 2000; Beck et al. 2001; Heck et al. 

2003; Connolly et al. 2005; Dorenbosch et al. 2007; Unsworth et al. 2009; 

Gullström et al. 2012b). 

Fish assemblages in seagrass habitats 

Seascape connectivity 
 Coastal marine fish species use different habitats during different 

life stages (Gillanders et al. 2003). As mobile species, fish serve as links 

within and among seascapes, connecting habitats and habitat patches through 

their movements (Grober-Dunsmore et al. 2009; Yeager and Layman 2011; 

Yeager et al. 2011). Such species movement connectivity is an important 

part of nutrient- and energy flow between biotopes, both through predator-

prey interactions and via the nutrients supplied through defecation. These 

migrations and shifts between areas link not only the shallow-water coastal 

habitats together, but also connect the coasts with the offshore environment 

(Drinkwater 2005; Duffy et al. 2010; Petitgas et al. 2013). 

 In seagrass meadows, research indicates that fish species richness is 

higher for juveniles (and subadults) than for adults, and that seagrass canopy 

height influences juvenile fish density (Gullström et al. 2008). Nagelkerken 

& van der Velde (2004) also found that nursery species prefer seagrass 

meadows compared to unvegetated sandy areas, and the authors posit that 
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this is likely a result of the protection provided from the structural 

complexity of seagrass meadows (Figure 1). Understanding species 

assemblages, interactions and connectedness is important given that different 

facets of the fish community utilize the seascape differently. For instance, 

stationary species are more dependent on a single habitat while long ranging 

species require connectivity between near-shore and offshore environments; 

essential information for proper resource management. 

 

 
Figure 1. Juvenile fish in a Zostera marina meadow on the Swedish west coast. 
Photo: Diana Perry  

Fish community within Swedish waters 
 There is evidence that top-down processes cascade down the food-

web favoring fast growing algal and grazer species in disturbed Swedish 

waters (Moksnes et al. 2008). The commercially important cod (Gadus 

morhua) has been shown to have its stock reduced by over 90% as a result of 

overfishing (Baden et al. 2012), and the density of juveniles lowered by 96% 

in Swedish Skagerrak coastal waters (Pihl et al. 2006). The authors argue 

further that because of seagrass loss, fish assemblage structure is now shifted 

within Sweden and taxa have been lost at the family level. There has also 

been shown a relationship of fish abundance and habitat- and water- quality 

(eutrophication) (Bergström et al. 2016). Moreover, other economically 

important fish species within Swedish waters, such as plaice (Pleuronectes 

platessa) and eel (Anguilla anguilla), have been shown to be affected, at 

least in part, by shallow-water habitat alterations and seagrass loss (Stål et al. 
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2008). While much effort has been put towards evaluating the fish 

assemblage structure within seagrass meadows on the Swedish west coast 

(Wennhage and Pihl 2002; Pihl and Wennhage 2002; Pihl et al. 2007; Stål et 

al. 2007), earlier work has not taken a seascape ecology approach with the 

intention of understanding the connectivity of the fish assemblages in 

regards to their surrounding habitats. 

Global climate change – a threat to marine shallow-water 
seascapes 
 The marine environment is facing ever-increasing threats due to 

intense coastal and marine exploitation, including heightened fishing 

pressures, coastal erosion, eutrophication, destructive tourism practices and 

other anthropogenic activities, as well as alterations from climatic factors 

such as greenhouse gas emissions, increased sea surface temperature and 

ocean acidification (e.g. Caldeira et al. 2003; Poloczanska et al. 2013; 

Halpern et al. 2015; Nagelkerken and Connell 2015). While each individual 

stressor can be neutral, positive, or negative depending on the species in 

question (Connell et al. 2018), an understanding of the combination of future 

stressors on whole ecosystems is essential, and currently not well understood 

(Boyd and Hutchins 2012; Brennan and Collins 2015; Boyd et al. 2018).  

 Most coastal areas will be exposed to a gradual increase in sea 

surface temperature, and it is predicted that there will be an increase in 

severe storm events, and that coastal areas will be experiencing more 

frequent and extreme heat waves (IPCC 2014). Although most changes are 

expected on the sea surface and are predicted to have wide-spanning 

deleterious effects, organisms that are adapted to variable environments tend 

to be more resistant to changes (Verges et al. 2014; Muñoz et al. 2018). This 

is due to the fact that they often experience temporary alterations in both 

temperature and salinity as a result of natural environmental changes such as 

seasonal temperature swings and freshwater runoff (Waldbusser and 
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Salisbury, 2013). However, no matter how phenotypically plastic species are 

in their responses to environmental changes, disturbances cause stress, and 

for all species there exists a threshold at which they can no longer adapt to 

increasing pressures (Valladares et al. 2014).  

 Despite their tolerance for variable conditions, species within the 

shallow-water seascape have been shown to be influenced by different 

global change stressors. For instance, a number of seagrass species showed 

biomass losses as a result of heat shock (George et al. 2018). A series of 

mesocosm experiments on the temperate seagrass Zostera marina and the 

associated grazing community showed that little or no effect of ocean 

acidification and temperature were seen unless grazers were removed from 

the system, results showing the importance of ecosystem functioning 

(Alsterberg et al. 2013). If one aspect of the community is deleteriously 

affected by pressures, the possibility of negative consequences to 

biodiversity due to global change stressors increases (Eklöf et al. 2012). 

Additionally, shifts in shallow-water fish assemblages due to changes in 

habitat have been observed as a result of elevated CO2 (Nagelkerken et al. 

2015). 

Linking knowledge of the seagrass ecosystem with a changing 
climate 
 Understanding the compounding problems created by multiple 

stressors applied to species and ecosystems is a critical step in the process of 

mitigating negative impacts. Though healthy ecosystems tend to have a 

natural resilience to acute threats, the ability to recover is lost as stressors 

become more chronic (Lake 2013). The continuous removal of top predators 

through unsustainable harvesting practices, such as overfishing, threatens 

delicate species balances, and these problems will be compounded as climate 

change alters the oceans. Ecosystems that have been compromised from 

stress and biodiversity loss are likely to cross a threshold of resilience and 
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thereby potentially undergo a regime shift from one stable community 

composition to another (Rietkerk et al. 2004). Therefore, research and 

management must work to identify, understand and eliminate the stresses, 

and reduce the threats to the global oceans. A better understanding of current 

trophic relationships and cross-habitat linkages in shallow-water seascapes 

will help facilitate conservation planning and potentially aid in the design of 

spatially based marine protected areas, and marine management generally. 

Given the difficulty of studying near-shore and offshore linkages for 

seagrass fish communities due to, for instance, logistical difficulties given 

the spatial extent of these connections as well as the vast number of 

interlinked variables, this is lacking in the literature. However, it is critical to 

our understanding of true ecological connectivity as far-ranging species 

travel great distances between many different environs. Understanding the 

influence of seascape configuration on fish assemblages is a critical step 

towards a more holistic management approach. However, it is important to 

understand how specific local conditions will change or be affected and this 

must be coupled with an evaluation of the expected response to global 

change factors in order to give a realistic view of how ecosystems will be 

altered with a changing climate. This will help to ensure that vital coastal 

habitats, such as seagrass meadows, are sustainably governed.  

 In order to assess the effects of climate change on the seagrass 

ecosystem, it is necessary to set up studies experimentally, as well as at local 

or regional spatial (and temporal) scales to better understand the 

consequences of global changes. A particularly useful method for examining 

broad species-, habitat- and ecosystem interactions and possible changes is 

through a landscape ecology approach. The field of landscape ecology aims 

to better understand relationships among ecological processes in certain 

ecosystems and to evaluate how interacting habitats and changes influence 

particular species or entire ecosystems. One key aspect of landscape ecology 

is understanding connectivity between habitats and patches of habitats 
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(Fahrig 2003). Establishing how species use certain habitats (or habitat 

patches) and how they move across marine landscapes and connect habitats 

and patches of habitats is essential to developing a clear picture of how each 

landscape functions as a whole, which can play an important role in resource 

conservation (Estrada and Bodin 2008; Bray et al. 2017). Landscape ecology 

is a multidisciplinary research field originating from terrestrial ecology; as 

Liu and Taylor (2002) discuss it is a critical field for managing natural 

resources sustainably when the science is linked to management strategies. 

Successful management must take into account how species interact with 

ecosystem processes, identify functionally important species, and understand 

underlying ecological mechanisms (Loreau et al. 2001). Biological processes 

happen at varying scales, for instance, from nest sites, to single breeding or 

mating grounds, to ocean wide migrations based on food availability. 

Studying the system at the appropriate biological scale is critical for true 

understanding (Castiglione et al. 2014; Hasenauer et al. 2015). 

 One very important aspect of seascape ecology is the issue of scale, 

and some studies have discussed the matter of scale, in particular with 

reference to seagrass meadows (Dorenbosch et al. 2007; Gullström et al. 

2011). Aller et al. (2014) found that at different scales, regional compared to 

local, different factors influenced associated fish assemblages. Furthermore, 

Gullström et al. (2008) found that tropical seagrass fish assemblages were 

influenced by the distance to other habitats, such as mangroves and coral 

reefs, while also affected by small-scale seagrass structural complexity 

(primarily canopy height). Similarly, Berkström et al. (2013) determined that 

while large-scale factors such as distance to surrounding habitats plays a role 

in shaping fish communities in a tropical seascape, small-scale aspects such 

as habitat complexity are also important factors. While studies have been 

carried out examining connectedness of shallow-water habitats in tropical 

marine environments (Kendall et al. 2011; Berkström et al. 2013a; Aller et 

al. 2014), few have undergone a landscape ecology approach on a larger 
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more extensive scale in temperate waters (but see e.g. Staveley et al. 2017). 

Even fewer, if any, have coupled this to expected climate change effects 

within the seagrass ecosystem. Such information is crucial for spatially-

based marine management attempting to protect valuable resources under a 

changing climate. Given the time and resources necessary to study full 

seascapes much of the work thus far has been evaluating only a limited 

number of sites within an area of only a few kilometers. Thus, while 

valuable information can be drawn from such studies the ability to 

extrapolate management strategies to a larger scale remains difficult. 

Additionally, much global change research has focused on a single species, 

single stressor or single species, double stressor approach (for a review see 

Nagelkerken and Connell 2015); however, given the interconnected nature 

of the oceans it is important to understand the changes from a more realistic 

multi-species multi-stressor approach (Boyd and Hutchins 2012; Coelho et 

al. 2013; Halpern et al. 2015; Pendleton et al. 2016; Boyd et al. 2018). 
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Aim of the doctoral thesis 

 
 The overall aim of this doctoral thesis was to understand the 

influence of how seascape configuration, habitat connectivity, and climate-

related stressors affect ecological communities, with particular focus on 

seagrass-associated fish. To reach this aim I conducted five studies (Papers 

I-V), which have all contributed to answering the main research questions. 

The results herein will provide valuable information for natural resource 

conservation and management. 

Overarching research questions: 

1. How is the shallow-water fish community, with particular focus 

on fish within the seagrass meadows, influenced by the 

surrounding seascape on multiple spatiotemporal scales (Papers 

I, II and III)? 

2. To what degree is the temperate seagrass ecosystem threatened by 

factors associated with global climate change; and which 

environmental areas will be at the highest risk in the future 

(Papers III, IV and V)? 

Personal approach  
 Given that the world’s oceans are changing due to a shifting climate 

it is crucial to understand how highly productive shallow-water ecosystems 

(Figure 2), such as seagrass meadows, may be affected by future changes. 

The current work has built on the knowledge of habitat- and seascape 

influence on fish communities, and incorporates specific factors that are 

likely to be of increasing importance as the oceans continue to change. A 



 15 

more thorough knowledge of how species move between habitats and an 

understanding of important areas during different life stages will yield more 

in-depth knowledge that can help provide information for the development 

of more concise marine management strategies.  

Figure 2. Coastal seascape on the Swedish west coast. Photo: Diana Perry 
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Study area and methods 

Study area 
The work in this thesis focuses on the Zostera marina meadows and 

surrounding habitats along the Swedish west coast. Papers I-III had study 

sites located within the Skagerrak region of the west coast. Paper IV was a 

laboratory experiment and Paper V performs a spatial risk assessment 

model of the seagrass meadows stretching from the northwestern Swedish 

coast close to the boarder with Norway down to southern Sweden (Figure 3).  

 
 Figure 3. Study region covering the west coast and southern Sweden. The red 

boxes indicate study areas for specific manuscripts with Roman numerals 
above each box corresponding to the associated paper. 
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Much of the region is characterized by low tidal fluctuations, with the 

average daily change of 0.3 m (Johannesson 1989). It is an archipelago 

system with many rocky islets and islands as well as fjords, creating 

sheltered areas quite close to deep water. Here, Z. marina meadows can be 

found in sheltered bays as well as in more exposed areas (Perry et al. 2017). 

Salinity varies along the west coast with brackish, low saline waters 

(approximately 9) in the south where the Kattegat region meets the Baltic, to 

salinities of around 30 in the waters of Skagerrak (Baden and Boström 

2001). All data for Papers I-IV were collected between 2013 and 2016, 

while Paper V uses a combination of open source data from SMHI and 

NOAA for the mid- and end of the century projections. The main study 

method performed as well as the scale each manuscript covers is shown in 

Table 1. 

 

Table 1. The sample method, replicate scale and resolution of study area covered 
are shown for each manuscript. RUV is an abbreviation for remote underwater 
video. 
Manuscript Main method used Replicate scale Resolution of 

study area 
covered 

Paper I Seascape ecology – 
seine net 

600 m ~ 100 km 

Paper II Seascape ecology – 
RUV 

600 m ~ 20 km 

Paper III Seascape ecology – 
RUV 

Varied based on distances 
to offshore variables (m’s 
to km’s) 

~ 100 km 

Paper IV Lab. experiment – 
physiological stress 
analyses 

85 L mesocosms N/A 

Paper V Spatial risk 
assessment – 
ArcGIS model 

N/A ~ 600 km 
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Shallow-water seascapes – a landscape ecology approach 
 The concept of species interactions with ecosystem resources and 

processes is termed “ecosystem functioning”. To have a clear understanding 

of ecosystem functioning, it is imperative to understand the habitat influence 

on community structure and composition. The use of a landscape ecology 

approach within the marine realm is commonly termed “seascape ecology” 

(Pittman et al. 2011).  

 There have been a number of studies examining the importance of 

scale in marine tropical waters (e.g. Gullström et al. 2011; Berkström et al. 

2013; Martin et al. 2018). However, seascape connectivity and scale-

dependent processes have been evaluated to a lesser degree in temperate 

waters, with much research still needed to understand shallow-water 

connectivity at multiple relevant spatiotemporal scales (Jackson et al. 2006a; 

Jackson et al. 2006b; Staveley et al. 2017). Thus, the issue of scale is a 

critically important aspect of seascape ecology, with this research method 

having possibly invaluable potential for improving marine resource 

conservation and aiding managers in marine spatial planning.  

 Given the usefulness of seascape ecology for evaluating the 

importance of habitats at different spatiotemporal scales in relation to the 

species that live within them, the landscape ecology approach was selected 

as a tool for researching the fish community within the seagrass meadows 

and surrounding seascapes in Papers I-III. This approach was used to study, 

for example, different habitat metrics from within-meadow characteristics to 

a number of seascape metrics such as habitat types and patch size (Paper I), 

up to larger scale offshore variables such as distance to open ocean and deep 

water (Paper III) (additional variables are described within the articles 

themselves). This allowed for a thorough investigation of the seascape 

influence on the fish assemblages within seagrass meadows. A similar 

concept was applied to design the study in Paper II, with the idea that some 

patterns and processes may be driven by the seascape as a whole, rather than 
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by particular habitats, and therefore seascapes were selected on the basis that 

major shallow-water habitats (i.e. seagrass meadows, rocky areas covered by 

macroalgae and unvegetated areas) may have a common effect on shallow-

water fish communities (Figure 4). 

 

Figure 4. One of the study sites (seascapes) and the boat used for the data collection 
for Papers I-III. Photo: Diana Perry/ Tom Staveley 

Remote Underwater Video – a method to study shallow-water 
fish 
 A relatively new method with great potential for studying mobile 

species is through the use of Remote Underwater Video (RUV) (Figure 5). 

Stereo video systems, along with other applications, can be used to 

accurately assess flora and fauna for monitoring programs (Harvey et al. 

2003) and can be deployed to depths as deep as 2,000 m (Shortis et al. 

2008). For this method, the cameras are calibrated so that the observer is 

able to extract information not just on species identification and number of 

individuals observed in the films, but also on length of individuals (Harvey 

et al. 2003; Harvey, Fletcher, & Shortis, 2001, 2002) and swimming speeds 

(Hammar et al. 2015). With stereo video systems even behavioral traits of 

fast moving fish can be quantified at a high level of detail (Hammar et al. 

2013). Such systems can be deployed and left to record in one location 

without human presence or disturbance. These independent systems are 

called autonomous RUV (Fedra and Machan, 1979). The use of RUV is 

growing in popularity, as it is a non-extractive method, as opposed to other 

fishing techniques, and is without the same potential problems faced by 
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diver surveys, such as disturbance and expense (Lowry et al. 2011; Langlois 

et al. 2010; Colton and Swearer, 2010).  

 

 
Figure 5. Stereo video system with two calibrated GoPro cameras deployed on the 
Swedish west coast. Photo: Diana Perry/Tom Staveley 

 
 While RUV methods are able to capture fish behavior undisturbed 

they are limited by visibility in the water column. Thus, water must be clear 

enough for observers to be able to identify species from recordings. Though 

autonomous systems do not require scientist presence during recording, 

personnel time must later be put into watching the videos and training 

observers on fish identification (Mallet and Pelletier, 2014). However, 

despite the time required for laboratory observations, Francour et al. (1999) 

found that RUV was still a more cost effective method than diver surveys. 

One of the most common kinds of RUV research is through the use of baited 

RUV (BRUV). By using bait to attract fish BRUV is able to capture highly 

mobile species, large predators and generalist carnivores. Unbaited RUV, on 

the other hand, can more accurately survey for common species in the area 
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where the cameras are placed as well as capturing conspicuous species, with 

RUV being a non-specific method. Though, as Watson et al. (2005) pointed 

out, unbaited RUV relies on chance encounters with fish and therefore a high 

number of replicates are needed.  

 Given that RUV allows one to unobtrusively study mobile species, 

this method was applied to both Papers II and III. Approximately one hour 

of video was taken for each replicate (n=18 for Paper II and n=60 for Paper 

III) in both studies. The videos were analyzed for all fish observed and 

species were identified, specimens counted and life stage information 

collected (by measuring the fish lengths). The video analysis was done using 

the EventMeasure software (www.seagis.com.au). 

Experimental evaluation of stress under global change factors 
 To truly understand how the oceans will respond to global change, it 

is important to evaluate not only species-specific stressors, but rather the 

system as a whole to all the myriad of stressors it will face (Boyd and 

Hutchins 2012). However, this is infinitely complex due to the innumerable 

interactions taking place, so a tradeoff must be made between realistic 

interactions and results that can be properly analyzed (Boyd et al. 2018). It 

was for this reason that a multi-species, multi-stressor approach was chosen 

for the experimental study presented in Paper IV. Here, a mesocosm 

experiment (Figure 6) was designed with three trophic levels – from plant to 

fish – within a simplified seagrass ecosystem: the seagrass Z. marina, two 

species of shrimp (Palaemon adspersus and Palaemon elegans) and two 

species of fish (Syngnathus typhle and Gasterosteus aculeatus; only data 

from G. aculeatus were used in results). The simplified ecosystem was then 

exposed to multiple stressors in order to understand the effects of single and 

combined global risk factors for a 28-day period. Each species’ stress 

response was evaluated using a combination of two methods that included 

respirometry and oxidative stress for the fish, respirometry and phagocytosis 
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assays for the shrimp, and photosynthesis and growth measurements for the 

seagrass plants. By evaluating stress on multiple physiological levels for 

each species, a thorough understanding of each global change factors’ effect 

on the organism could be attained. 

 

 
Figure 6. The image on the left shows a few of the tanks set up for the mesocosm 
study with flow through seawater pumped in from the bay outside the study room. 
The image on the right shows the intermittent flow-through respirometry equipment 
in a seawater bath used to measure oxygen consumption for the studied fish and 
shrimp species. Photos: Diana Perry 

Spatial modeling of global change stressors in Swedish seagrass 
 As the climate changes continue to alter the oceans, research 

evaluating the ecological impacts is crucial (Le Quesne and Pinnegar 2012). 

Climate change modeling takes existing time series data and uses it to 

predict different possible outcomes based on various change scenarios. 

Creating predictive models to illustrate possible effects of climate change 

and incorporating the predictions into management strategies based on a 

broader landscape ecology approach is a potentially invaluable strategy for 

conserving marine resources. Christensen et al. (2007) suggest that the most 

important aspect of ecosystem modeling is its ability to link, for instance, 

what is happening in the oceans with the surrounding environment and 

anthropogenic factors. Using modeling to identify spatial areas of ecological 

importance today, as well as in the future, enables a “climate-ready” 

management approach to be taken (Queiros et al. 2016). 
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 Global climate change is affecting the oceans all over the world. It is 

not isolated to specific regions and there are no areas that will not experience 

some aspect of change in the future. Therefore, it is critical to use our 

ecological knowledge and apply it on a broad scale, to try to manage 

important resources in the hope of mitigating some level of expected 

deleterious effects. Therefore, Paper V builds on both the ecological 

knowledge gained about important shallow-water habitats along the Swedish 

west coast (Papers I, II and III) with the information attained from results 

of the mesocosm experiment (Paper IV) and uses it in combination with a 

broader scale modeling approach. Open source data from NOAA and SMHI 

on the global change factors determined from Paper IV were used in 

ArcGIS in order to perform a spatiotemporal risk assessment and map 

potential threatened seagrass areas in the future. The stressors evaluated 

were summer sea surface temperature, ocean acidification and the likelihood 

of turbid areas (summer wind speed increase plus high probability of soft 

sediment). In order to perform the risk assessment analysis the change of 

each stressor from current conditions was caluculated for mid- and end-of-

century. All data were linearly normalized on a scale from 0-10, where 0 

corresponded to no change in the future from current conitions. Risk scores 

were then calculated as the sum of all normalized stressors combined for 

areas that coincided with modeled seagrass probability. Therefore, the risk 

scale ranged from 0 to 30 with 0 indicating no risk. Values of ≥ 22.5 were 

considered high-risk regions. 
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Synthesis of results and discussion 

Seascape influence on the shallow-water fish community 
 
The results from Papers I, II and III indicate that for a complete 

understanding of distribution patterns and seascape connectivity, the 

shallow-water fish community must be evaluated at multiple spatial scales 

(Figure 7). Different aspects of the assemblage were influenced by their 

surroundings in varying ways. For example, more stationary species were 

affected by more local-scale habitat factors, while more migratory fish were 

influenced on a much larger-scale, with a broader range of seascape 

variables. All observed seascape variable influences showed seasonal 

variation. The strength and association of habitat influence is dependent 

upon the aspect of the fish assemblage that is evaluated with fish families, 

life stage and habitat preference guilds all showing differences in their 

response to their surroundings.  

An evaluation of the seagrass fish community in relation to the 

surrounding seascape revealed that different aspects of the fish assemblage 

varied in their response to how the seascape was configured (Paper I). A 

complex seascape was described as one with a greater number of habitat 

types, patches, edges, and amount of land, whereas a more homogenous 

seascape has larger areas of single habitats, fewer patches and is surrounded 

by less land. For instance, the abundance and proportion of juveniles were 

negatively correlated with a more complex seascape in the summer, 

indicating a preference for a more homogeneous area with larger habitat 

patches. This result is in keeping with the evidence that many species use 

seagrass meadows as a predator refuge (Orth et al. 1984; Heck et al. 2003). 
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Larger patches of habitats, specifically seagrass areas, give a larger area of 

habitat without risk of needing to travel outside of safety. Fish from the 

Syngnathidae family, a group comprised mainly of stationary species 

residing in the seagrass meadows, also showed a preference for a 

homogenous seascape without many types of habitats or habitat edges 

(Paper I). Additionally, when evaluating fish assemblage composition in 

shallow-water seascapes, a species from this family, Syngnathus typle, was 

found only within seagrass meadows and not in rocky-macroalgal or 

unvegetated habitats (Paper II), nor were they shown to be influenced by 

any offshore variables (Paper III).  

Given S. typhle’s strong association with a single habitat, it is not 

surprising that more local-scale single habitat dynamics determine 

distribution patterns. When fish were placed in guilds based on habitat 

preference, it was shown that members of the occasional shallow-water 

visitor guild were positively associated with seascapes with a dominance of 

unvegetated areas and low landscape heterogeneity, both in the autumn and 

in the summer (Paper I), and can be found in all shallow-water habitats 

within the coastal seascape (Paper II). Just as our results illustrate that there 

are changes in the influence of seascape variables as a result of seasonality, 

other studies have shown similar changes due to seasons (Vasconcellos et al. 

2010; Włodarska-Kowalczuk et al. 2014). On a larger scale, fish within the 

juvenile migrant habitat preference guild were associated with the distance 

to deep water, showing a higher abundance in sites in close proximity to 

deep areas, both in the summer and in the autumn. Additionally, juvenile 

migrants were also found to be positivity influenced by latitude, showing a 

higher abundance in locations farthest north in the study area (Paper III). 

The same was true for the Gasterosteidae family in the autumn and the 

Gadidae family in the summer, and in addition, there was a positive 

association with deep water both in summer and autumn for Gadidae.  
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Figure 7. Conceptual illustration incorporating results from Papers I-III. In the 
small images in the bottom corners (and to the right), results from Papers I and II 
are illustrated using Ctenolabrus rupestris and Syngnathus typhle as specific 
examples, where the habitat preferences of these species are influenced by the 
seascape configuration and composition (using seascape units of 600 m). In the 
larger images, data from Papers II and III is used to illustrate that Gadus morhua 
and Gobiusculus flavescens are influenced on the seascape scale as well as a larger, 
100’s of km scale (e.g. a nearshore-offshore scale). Length of arrow is illustrative of 
influence but not indicative of the strength of influence. Fish illustrations are 
courtesy of Karl Jilg and Linda Nyman, and published with kind permission from 
ArtDatabanken, SLU. 
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The results from Papers I-III highlight the importance of understanding 

seascape connectivity and habitat- and environmental variables on multiple 

spatial scales, and within various aspects of the fish community. Yeager et. 

al. (2011; 2016) also illustrate that fish community structure is affected by 

environmental factors at multiple spatial scales, and therefore studies must 

be designed to evaluate the fish assemblages with scale in mind. As is clear 

from the results of Papers I-III, different fish taxa and habitat preference 

guilds respond differently to the surrounding seascape and offshore 

geographical variables and as such must be studied at many scales in order to 

elucidate these differences. Research has shown that it is important to 

determine the proper aspects of the fish assemblage in order to address 

specific questions of interest (Mathieson et al. 2000; Nagelkerken and van 

der Velde 2004). For the current work, there is a clear difference in the fish 

communities’ response to the seascape based on seasonality, where, for 

instance, abundance patterns differed significantly in summer and autumn 

(ANOVA: F(1,115) = 4.38, p = 0.04) (Papers I & III; see Figure 8). 
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 F(1;115) = 4,3802; p = 0,0386  
Figure 8. Fish abundance (m-2) compared per season (summer and autumn) 
presented in Papers I and III. ANOVA results shown on image with a significant 
difference in abundances per season. 
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The seagrass ecosystem in a changing climate  
 
A simplified seagrass ecosystem was exposed to three global change 

stressors, which are relevant for the Swedish coast in the future; storms, heat 

shock events and ocean acidification. While each trophic level of the 

mesocosm study (Paper IV) showed varying stress responses to the 

individual global change stressors, in combination, all levels were 

deleteriously affected (Figure 9). The fish species Gasterosteus aculeatus 

showed repressed respiration as a response to “Storm” events, “Heat” shocks 

and the combination of all three stressors (“All”), while no difference in 

oxygen consumption was seen as a result of the ocean acidification 

treatment. However, when the internal physiological oxidative stress 

responses were evaluated, elevated levels of protein carbonyls (PC) were 

seen in the “pH” and “All” treatments, indicating a level of stress associated 

with acidified conditions as well. These results may be an indication that 

there is some level of habituation going on to the more long term OA 

stressor, meaning that the respiratory response is no longer shown while 

internal physiological stress (PC) is indicated. This kind of habituation has 

been shown in fish (Lankford et al. 2005) and in some cases fish develop an 

adaptation not to respond, or a reduced ability to be able to respond to the 

more chronic stressor (Barton et al. 1987). 

The two shrimp species responded differently to the global change factors 

with Palaemon adspersus having reduced respiration due to “Storms” and 

“All” stressors combined, while Palaemon elegans had increased respiration 

for all treatments compared to the control. Interestingly, phagocytosis results 

for the two species showed similar patterns to the oxygen consumption 

analysis with lower immunocompentency for the “Storm”, “pH” and “All” 

treatments in P. adspersus, and also decreased immunity for all treatments in 

P. elegans. Here, it is clear that, while P. adspersus seems to be more 
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tolerant to heat shock events, both species will be negatively influenced by 

expected future changes. 

 
Figure 9. Schematic illustration of the aquarium setup with results for each treatment 
shown in the colored ovals. For the fish G. aculeatus (blue), respirometry results are 
shown on the left side of the back slash (/) and PC enzyme activity results are shown 
on the right side. The two shrimp P. adspersus (purple) and P. elegans (orange) have 
respirometry results on the left side of / and phagocytosis results on the right. The 
seagrass Z. marina (green) has the results from the growth (mm) shown on the left 
side of / and photosynthesis on the right. The image is taken from Paper IV. 

 
Despite both the respirometry results and the phagocytosis assays 

showing the same response to heat for the two species, literature has 

indicated that P. elegans is thought to be a more resilient, stress tolerant 

species (Berglund 1980; Berglund and Bengtsson 1981). A possible 

explanation for the increased stress response for P. elegans despite being 

thought of as a more resilient species, is the fact that it is considered a more 

mobile species that may cope with pressures in the natural environment by 

moving away from the source of the stress, which it was unable to do in the 

mesocosm study. 

The seagrass Z. marina shows some trends in decreased growth due to 

“Heat” shock and “pH”, however is only significantly influenced when all 



 30 

global change factors are combined. Ecologically speaking, these results 

have some very negative potential consequences for the future. All trophic 

levels within the simplified seagrass mesocosm were negatively influenced 

by the combination of all stressors. While each single stressor affects each 

species differently, it is the combination of all three stressors that is the 

reality for the future and therefore must be understood. Much research has 

been done on single and double stressor effects on species (reviewed by 

Nagelkerken and Connell 2015), however climate research shows that a 

multitude of stressors can be expected. While multi-stressor, multi-species 

studies are complex to interpret, they are critical for establishing a more 

accurate and realistic insight into expected future changes (Boyd and 

Hutchins 2012; Harvey et al. 2013; Brennan and Collins 2015). 

Using the knowledge gained from Paper IV, the combined global change 

stress factors were put into a spatial model to show potential risk regions for 

seagrass ecosystems on the Swedish west coast in mid- and end-of-century 

(Paper V). Sea surface temperature changes, ocean acidification and 

increased turbidity (shifts in wind speed plus soft sediment zones) were 

mapped in relation to seagrass areas to determine areas likely to be exposed 

to a high degree of change in the future. From this analysis, it was found that 

northern Bohuslän, and the areas around Kungsbacka and Hällevik are under 

the highest threat by 2100 (Figure 10). In these high-risk regions, all three 

stressors are found to have increased from current conditions and overlap 

with corresponding seagrass meadows. This creates a scenario in which the 

seagrass ecosystems are likely to be exposed to high rates of global change 

stressor alterations in the future in such locations. The general pattern of 

areas associated with high-risk is shown in more sheltered locations and inlet 

areas.  
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Figure 10. An example risk region for the end of the century is shown where sea 
surface temperature, ocean acidification and potential storm sights (high increased 
wind plus soft sediment zones) overlap in seagrass habitat areas. The scale ranges 
from 0 being no risk to 30 as the highest possible risk. 

 
With these results in mind, it is important for management to assess the 

ecological value of these areas and determine possible mitigation strategies 

for the future. Biologically resilient ecosystems are better able to withstand 

perturbations (Vinebrooke et al. 2004), however the seagrass meadows in 

Sweden are already a disturbed system (Baden et al. 2003; Moksnes et al. 

2008; Nyqvist et al. 2009; Baden et al. 2012), and therefore special care 

must be taken to alleviate the potential negative effects of expected global 

change within these ecosystems in the future. The high-risk areas identified 

in Paper V have a high likelihood of change compared to current conditions 

when it comes to global change stressors. While it is difficult for regional 

management to protect against these global level changes (i.e. international 

efforts are needed), local governance is still critical. Measures such as 

ensuring that overfishing is managed against to maintain proper biodiversity, 

that destructive gears are not used which destroy habitats and can remove 

seagrass, and that dredging is not performed creating turbid conditions by re-

suspending particles into the water column can help to ensure that this 
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important coastal ecosystem is as biologically resilient as possible, and 

therefore better able to withstand the additional stresses of global change.  

Spatial and temporal changes are expected in the future as a result of 

anthropogenic stressors (Halpern et al. 2015) and thus it is critical to use data 

regarding global change stressors to create spatial conservation plans (Jones 

et al. 2016).  
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Conclusions  

 The work within the thesis answered the overall research questions 

in the following ways: 1) Each facet of the shallow-water fish community is 

variably influenced by the surrounding habitats with wider ranging fish 

influenced on a larger scale, while fish with high site fidelity are influenced 

by factors in a much more localized, smaller scale and 2) Seagrass meadows 

in Sweden are deleteriously affected by multiple global change stressors, 

with three areas along the cost showing a large amount of change compared 

to current conditions and particularly high risk for these stress factors to 

coincide in the future.  

 More specifically, the results of this thesis demonstrate that the fish 

community is influenced by the surrounding habitats within the seascape. 

For each aspect of the fish assemblage studied, the scale at which it is 

analyzed plays a critical role in understanding how the external environment 

affects it. In addition to shedding light on how the fish community is 

currently influenced by habitat configuration and composition, the work 

herein demonstrates the deleterious effects of global change factors within 

the seagrass ecosystems of the Swedish west coast. A brief synopsis of the 

results from the articles within this thesis conclude that: 

 

• Scale matters – it is critical to assess shallow-water fish 

communities at different spatiotemporal scales as different families, 

life stages and habitat preference guilds are influenced by different 

aspects of the surroundings with seasonal variation shown. Through 

the thesis work, we find that more stationary species are affected by 
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the environment in close proximity to them, while more migratory 

species show changes in abundance from effects at a much larger 

spatial scale range. 

 

• Shallow-water seascapes function as nursery grounds for juvenile 

fish – adjacent shallow-water habitats within the coastal seascape are 

linked through similar species utilization and dominated by early life 

stage fish, and therefore multiple adjacent habitats can be regarded 

as important nursery areas for juveniles. 

 

• Global change will negatively affect the seagrass ecosystem – while 

single global stressors can have a positive, negative or neutral effect 

on different trophic levels within the seagrass ecosystem, the 

combination of all stressors (such as will be experienced with future 

climate change) is deleterious for all species (tested) irrespective of 

trophic level. 

 

• Climate risk regions in complex archipelagos such as in Sweden – 

Spatial risk assessment analysis identified areas along the Swedish 

coast as high-risk regions with expected exposure to multiple global 

change stressors by the end of the century. More sheltered, inlet 

areas with a higher degree of soft sediment were shown to be more 

at risk to future changes in seagrass areas.  
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Future directions 

 The research within this thesis made some interesting contributions 

to the field of seagrass ecology, particularly from a seascape perspective and 

in the face of a changing climate. However, in many cases it only scratched 

the surface, with a tremendous amount still left to be discovered. The 

coupling between the near-shore and offshore environments is critical for the 

understanding of fish ecology, though it has largely been understudied given 

the logistical difficulties of covering such large expanses with such an 

innumerable amount of possible influences and interactions. Here, the results 

of Paper III gave some very promising indications about the importance of 

the connectivity between shallow-water environments and the offshore areas 

but there are many questions unanswered. In this area research should 

continue, first by evaluating additional geographic variables and also 

ensuring oceanographic factors be considered, such a currents, and water 

chemistry properties, like salinity, O2 and temperature. All of this would help 

strengthen the results derived from the study. Additionally, the evaluation of 

these habitat connectivity patterns through time is of interest. Will the same 

patterns hold throughout time? Another main area of the current work that 

should be developed further is the multi-species multi-stressor climate 

change research. This is an extremely important field for elucidating a more 

accurate understanding of true expected changes in the future and therefore it 

should be applied to many other ecosystems as well as with additional 

species. Paper IV was unable to study any interactive effects between the 

species in the mesocosms and this would be the most important next step for 

adding to the knowledge of ecosystem interactions under a changing climate. 
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